1. The structural basis of the developmentally regulated increase in endplate channel conductance in rat, where the y-subunit of the fetal muscle acetylcholine receptor (y-AChR) is replaced by the c-subunit in the adult muscle receptor (C-AChR), was investigated by analysing the structure of y-and e-subunit genes and by expressing recombinant AChR channels of different molecular composition in Xenopus oocytes and measuring their singlechannel conductance. 2. The y-and c-subunit genes each have twelve exons. In both subunits, the four homologous segments, designated Ml, M2, M3 and M4, which are thought to contribute to the formation of the pore, are encoded by four separate exons, E7, E8, E9 and El 2. 3. Chimaeric e(y)-or y(e)-subunits were constructed from sequences derived from the parental e-and y-subunits, respectively. Exchanging the four hydrophobic segments (M1-M4) of the y-subunit for those of the c-subunit and vice versa completely reversed the difference in conductance between y-AChR and e-AChR channels.
1. The structural basis of the developmentally regulated increase in endplate channel conductance in rat, where the y-subunit of the fetal muscle acetylcholine receptor (y-AChR) is replaced by the c-subunit in the adult muscle receptor (C-AChR), was investigated by analysing the structure of y-and e-subunit genes and by expressing recombinant AChR channels of different molecular composition in Xenopus oocytes and measuring their singlechannel conductance. 2. The y-and c-subunit genes each have twelve exons. In both subunits, the four homologous segments, designated Ml, M2, M3 and M4, which are thought to contribute to the formation of the pore, are encoded by four separate exons, E7, E8, E9 and El 2. 3. Chimaeric e(y)-or y(e)-subunits were constructed from sequences derived from the parental e-and y-subunits, respectively. Exchanging the four hydrophobic segments (M1-M4) of the y-subunit for those of the c-subunit and vice versa completely reversed the difference in conductance between y-AChR and e-AChR channels.
4. Effiects of single-and multiple-point mutations in M1-M4 segments of y-and c-subunits indicate that the major determinants of the difference in conductance between fetal and adult endplate channels are located in the M2 segment. The key differences are the exchange of alanine/threonine (y-subunit) for serine/isoleucine (e-subunit) in M2, and the lysine (y-subunit) for glutamine (e-subunit) exchanges in the regions flanking the M2 segment.
Acetylcholine receptors (AChRs) in mammalian muscle are expressed in two isoforms, a fetal and adult form, which are developmentally regulated in their time of appearance and cellular localization ). The two isoforms differ in that 'elementary' endplate currents in adult muscle are of larger amplitude and of shorter duration than in fetal or denervated muscle. In adult muscle the receptor is composed of a-, ,B-, d-and c-subunits, presumably with an a2flc8 stoichiometry ). This receptor replaces postnatally the fetal isoform, which is composed of a-, ,B-, y-and 8-subunits and which is only transiently expressed around birth Gu & Hall, 1988; Witzemann et al. 1990 ). The functional difference between the two isoforms offers the possibility of identifying structural determinants of AChR channel conductance by expressing recombinant AChRs of different subunit composition (y-AChR and e-AChR) and selecting differences in the amino acid sequence between the y-and the c-subunits as targets for site-directed mutagenesis.
Previous analyses of recombinant AChRs support the view that the hydrophobic M2 segment contributes, at least in part, to the formation of the wall of the ion channel (Imoto et al. 1986; Leonard, Labarca, Charnet, Davidson & Lester, 1988; Charnet et al. 1990) . Charged residues bordering the extra-and intracellular portion of this segment are major determinants of channel conductance (Imoto et al. 1988 ).
The selectivity filter and the narrowest portion of the channel are also formed by residues of the cytoplasmic portion of the M2 segment (Villarroel, Herlitze, Koenen & Sakmann, 1991 a; .
To examine the contribution of different subunit domains to the conductance properties of AChR channels, segments were exchanged between y-and e-subunits by generating chimaeric y(e)-and e(y)-AChR subunits. The segments exchanged were selected according to motifs of gene structure and the hydrophobicity profile of the amino acid chain. The results indicate that for a complete switch of conductance properties between y-AChR and e-AChR, the (Melton, Krieg, Rebagliati, Maniatis, Zinn & Green, 1984 *BamHI/PvuII fragments excised from y(e)-6 mutant-vector construct indicated on the right. carrying mutation sequences for a single or two adjacent sites contained at the 5' end at least nine, and at the 3' end eighteen, complementary nucleotides. When more than two amino acids had to be altered the mutation oligonucleotides carried the 'mutation sequence' of up to fifty nucleotides at the 5' end while the fifteen to eighteen nucleotides at the 3' end were complementary to the starting sequence of the template DNA used for amplification. The wild-type (wt) y-and c-subunit (y-AChR and c-AChR, respectively) cDNA sequences were used for amplification. The resulting y-subunit PCR fragments with single-site exchanges were cleaved by EcoRV/Bsu361 and ligated into pSPOoD carrying the corresponding y-wt sequence (y-pSPOoD). The e-subunit PCR fragments were digested with AatII/Bsu36I and subcloned into the pSPOoD carrying the corresponding c-subunit sequence (c-pSPOoD). The chimaeras are designated as the parental subunit with the inserted sequence in parentheses, thus y(e) refers to a chimaera in which c-subunit sequences are inserted into the parental y-subunit sequences. The construction of y(e)-and e(y)-chimaeric subunits is summarized in Tables 1 and 2 (Methfessel, Witzemann, Takahashi, Mishina, Numa & Sakmann, 1986) . Single-channel currents were measured in inside-out patches isolated from the oocyte membrane ). The bath solution contained 100 mm KCl, 10 mm Hepes and 10 mm EGTA and the pH was adjusted to 7-4 with KOH. The pipette solution was the same as the bath solution, except that ACh was present in a concentration of 0 5-1P0 /M. All measurements were performed at 18 + 1 'C. Current records were sampled at 10 kHz after low-pass filtering at 3 kHz (-3 dB). The amplitudes of J Physiol.492.3 single-channel currents were measured using a semi-automatic procedure (Imoto et al. 1986 ). To construct a single-channel current-voltage (I-V) curve about 1000 single-channel currents were measured, pooled in 2 mV bins and averaged. The conductance values given represent chord conductances at -100 mV using the interpolated reversal potential obtained from 5th-order polynomials fitted to the I-V relations. Exon 12 RESULTS Exon structure of y-and e-subunit genes and construction of chimaeric subunits A comparison of the amino acid sequences of rat muscle AChR subunits indicates that y-and e-subunits are those most closely related (Witzemann et al. 1990) . Figure 1A shows the genomic structure of the rat y-and e-subunit genes (see Methods). Each rat gene has twelve exons, as in the chick and human y-subunit (Nef, Mauron, Stalder, Alliod & Ballivet, 1984; Shibahara, Kubo, Perski, Takahashi, Noda & Numa, 1985) and the mouse e-subunit (Buonanno, Mudd & Merlie, 1989) . Each of the putative transmembrane segments, MI, M2, M3 and M4, is encoded by a separate exon E7, E8, E9 and E12, respectively, in both genes (Fig. 1A) . The obvious structural determinants responsible for the conductance differences between the two AChR subtypes may reside in the hydrophobic segments which presumably are membrane spanning (Fig. 1B) and could form the walls of the pore. We examined the conductance of recombinant AChR channels assembled from a-, /1-and S-subunits with either the y-subunit (y-AChR), the c-subunit (e-AChR) or a chimaeric subunit, the sequence of which is derived partly from the y-and partly from the e-subunit. The Ml, M2, M3 and M4 transmembrane segments, combinations of these segments, or other motifs, were exchanged between the yand e-subunits (Fig. 2A) . The y-AChR was used as a template to reconstruct a functional c-AChR channel by replacing amino acid segments of the y-subunit by the corresponding segments of the c-subunit and vice versa. The y(c)-chimaera refers to a y-subunit template with an e-subunit insert and vice versa in e(y)-chimaeras. Of the nineteen y(e)-and e(y)-chimaeric constructs, when coexpressed in oocytes with a-, ,1-and S-subunits, sixteen produced functional AChR channels ( Fig. 2B and C) . In most cases whole-cell current responses did not decrease significantly in amplitude as long as ACh (1 ,UM) was applied. Some constructs, however, formed 'aberrant' channels which showed rapid ACh-induced desensitization (i.e. y(c)-7, y(e)-9, y(e)-15, y(e)-17 and e(y)-5, e(y)-9, c(y)-15).
Current recordings
Exchange of M1-M4 segments reverses the conductance difference between y-and c-AChR channels For a direct comparison between the conductance of native fetal and adult AChR channels and recombinant y-and c-AChR channels in Xenopus oocytes, the single-channel slope conductance of the two recombinant channels in oocytes was measured under ionic conditions comparable to those used for conductance measurements in the native (Witzemann et al. 1987) . The slope conductances (measured between -30 and -130 mV) were 43±+pS (n=3) for the y-AChR and 63+1pS (n=3) for the e-AChR; these values were indistinguishable from those measured in muscle (42 + 3 pS and 63 + 3 pS, respectively; Witzemann et al. 1987) . For the conductance analysis of mutagenized y-and c-AChRs, simpler ionic conditions were used with 100 mM K+ and no divalent cations on either side of the membrane. Under these conditions the y-AChR and the e-AChR channels have larger conductances of 69 + 2 pS (n = 10) and 104 + 2 pS (n = 7), respectively (Fig. 3A) . Figure 3B illustrates the conductance difference between channels carrying the chimaeric y(e)-l or e(y)-l subunits in which the sequences of the M1-M4 segments were exchanged. The y(e)-chimaeric subunit confers an increase in conductance (102-7 + 2-5 pS, n= 5) to the y-AChR, the conductance of which is indistinguishable from that of the e-AChR channel. The chimaeric subunit e(y)-l confers a lower conductance (67-2 + 1.1 pS, n = 5) to the e-AChR and has a similar conductance to that of the y-AChR channel. Hence, the differences in conductance between the y-AChR and the e-AChR are located in the Ml, M2, M3 and M4 segments, which are encoded by exons E7, E8, E9 and E12.
Functionally important domains in the M1-M4 segments Construction of recombinant y-AChRs comprising chimaeric y(e)-subunits in which different transmembrane segments were exchanged identified shorter stretches of amino acids which could determine an increased channel conductance (Fig. 4A) . Exchange of the MI segment in the y(e)-2 construct confers a slightly larger conductance to the y-AChR (72-9 + 0 45 pS, n = 7). The M2 segment, including the adjacent six amino-and three carboxyterminal amino acid residues exchanged by the y(e)-4 construct, produced a large increase in conductance (95-1 + 1-2 pS, n = 5) and is responsible for about 74 % of the conductance difference between the y-and e-AChR. The M3 segment in y(e)-5 also contributes to the conductance difference, the increase being only slightly larger than that observed when the Ml segment is exchanged, the conductance of the former being 76-3 + 2-37 pS (n = 7). The conductance of the recombinant channel carrying the chimaera y(e)-I1, which swaps the Ml and M2 segments, did not differ significantly from that carrying only the M2 segment in the chimaera y(e)-4. Similar results were found for the chimera y(e)-16 containing sequences from Ml to M3 (Fig. 4A) . Thus, the most important determinant of the larger conductance contributed by c-subunit residues resides in that part of the e-subunit segment containing the M2 region, plus the adjacent bends that carry glutamine (Q) residues instead of the lysines (K) in the y-subunit. The conductance increase observed with these y(e)-chimaeras, however, is incomplete, indicating that all four transmembrane segments are required for an c-AChR channel conductance.
Single-channel conductances of recombinant channels carrying different e(y)-constructs, made to identify those domains that confer the lower conductance, are summarized in Fig. 4B . Exchange of the MI segment in c(y)-2 barely reduced the conductance in comparison with the parental e-AChR. Similarly, the exchange of either the M3 segment alone in e(y)-5 or M4 segment alone in e(y)-6 did not result in a significant conductance decrease. The e(y)-4 construct, however, which comprises the M2 segment and the lysines of the flanking bends, conferred a strong (68%) decrease in channel conductance (80'2 + 3'6 pS, n = 4). The combined exchange of the Ml and the M2 segments in the chimaeric subunit e(y)-1 produced channels that had a smaller conductance than channels where only the M2 segment was exchanged. A similar result was found for exchanges of the M2 and M4 segments in e(y)-15. The chimaeric subunit e(y)-16, which comprises the Ml -M3 region, generated a channel with a conductance indistinguishable from the y-AChR. The chimaera e(y)-16 containing the Ml, M2 and M4 segments also produced a complete reduction in channel conductance. Thus, the 'minimal' exchange required for abolishing the conductance difference between c-AChR and y-AChR with c(y)-chimaeric subunits includes the Ml and M2 segments in combination with either the M3 or M4 segment. Figure 4 also illustrates that in y(e)-and e(y)-chimaeric subunits the following changes did not affect conductance: the exchange of the N-terminal portion, the exchange of the extracellular loop between M2 and M3 and the presence or absence of a putative intracellular phosphorylation site in the y(e)-10 and e(y)-10 constructs. Charged and polar amino acids bordering the M2 segment Sequence comparison of the M1-M2 region shows that charged or polar residues are located in the region bordering the M2 segment ( Fig. 5A and B) . In Torpedo electroplax AChR, these amino acids form a cytoplasmic and an extracellular ring at the channel entrances and mutations at these positions strongly affect the channel conductance (Imoto et al. 1988 ; Konno et al. 1991 ). The rat y-subunit carries a lysine residue (yK268) whereas the c-subunit carries a glutamine (eQ267) at equivalent positions in the cytoplasmic portion (Fig. 5A) . Similarly, in the extracellular bend, the y-subunit carries a lysine residue (yK293) whereas the e-subunit carries a glutamine (eQ292). We refer to these positions as the intracellular and extracellular K/Q positions. Figure 6 . Effects of single-and multiple-point mutations on channel conductance in the Ml (A) and in M3 (B) segments of y-and e-subunits A, amino acid sequence of y-and e-subunits in the region comprising the Ml segment and adjacent bends. Large box delineates Ml segment amino acids. Smaller boxes indicate amino acid positions where 'reverse' mutants were generated. The graph below shows the conductance of Ml segment mutants (0, y-subunit mutants; 0, c-subunit mutants); mean values of single-channel conductance at -100 mV in symmetrical K+ (100 mM) solution. Numbers refer to amino acid positions according to Witzemann et al. (1990) . B, amino acid sequence of y-and c-subunits in the region comprising the M3 segment and adjacent bends.
Large box delineates the amino acids of the M3 segment. Smaller boxes indicate differences in amino acid sequences that were reverse mutated. The graph below shows conductances of M3 segment mutants as in A (0, y-subunit mutants; 0, c-subunit mutants); mean values at -100 mV in symmetrical K+ (100 mM) solution.
e-subunit the exchange of glutamine for lysine residues decreases the channel conductance (88-6 + 3-2 pS, n = 5), whereas in the y-subunit, the exchange of lysines for glutamines increases the conductance (76-3 + 1P6 pS, n = 6). As expected, the conductances of the two mutants are still different from those of the corresponding wild-type channels. Comparison of single-point mutants indicates that the exchange at the intracellular K/Q position in the c-subunit produces a smaller change in conductance than a substitution at the extracellular K/Q position (Fig. 5C) . The different contribution to conductance of these two sites is even more pronounced when comparing the effect at the two y-subunit K/Q positions, where the intracellular yK268Q mutant channel has a similar conductance to the y-AChR channel. Neutral amino acids in the M2 segment Within the M2 segment the amino acid sequences differ at three positions and point mutations in the M2 segment of y-and e-subunits were made to investigate the effect of removing these differences. At two of these positions amino acids are located close to the narrow region of the pore formed by the residues of the hydroxyl ring ( Fig. 5A and B; where the amino acids differ in hydrophobicity and polarity (A277 and T278 in the y-subunit and S276 and I275 in the e-subunit). The double mutation yA277S* T2781 produces a channel with a higher conductance (76-8 + 1-37 pS, n= 4; Fig. 5C ), while the double mutant eS276A*I277T results in a channel with a lower conductance (98'6 + 1 1 pS, n = 4; Fig. 5C ). Addition of only one polar residue in the yA277S mutant subunit fails to increase the channel conductance (66-8 pS, n = 2) and replacement of the polar serine in the eS276A mutant subunit is also without effect (103fi7 + 1 pS, n = 3). The conductance changes of the double mutants are thus mainly due to the changes in yT278 and cI277 residues since the mutation cI277T decreases, whereas the mutation yT278I increases, channel conductance (Fig. 5C ). In addition to the AT-SI exchange, there is also a difference between the y-and e-subunit at a third position, at yV291 and cI290, respectively. When cI290V is combined with eQ292K an additional reduction in conductance is observed. The conductance of the channel containing the mutant eQ292K is 94-6 + 09 pS (n = 5), whereas that of the double mutant eQ292K*I290V is 903 + 03 pS (n = 3). Therefore, most of the differences in the amino acid composition of the M2 segment and the adjacent bends ( Fig. 5B and C) are determining the difference in conductance between the y-AChR and e-AChR. Amino acid differences in the MI and M3 segments Point mutations in the Ml segment and its extracellular border, summarized in Fig. 6A , show that conductance differences are not changed significantly by exchange substitutions. The conductances of mutant channels yH228E*K230D and cE227H*D229K are 69-3 + 1-6 pS, (n = 4) and 103X5 + 1.0 pS, (n = 3), respectively. Even though a change in the charge of the amino acid residue is involved, both values are not significantly different from the values of y-and e-AChRs. A cluster of four amino acid residues at positions 256-259 in the c-subunit is an exception to the high degree of homology between y-and e-subunits in Ml. The conductance of mutant yS257G *V258L *A259V*I260L is only slightly higher (71-2 pS, n = 2) than that of the y-AChR while the mutant eG256S *L257V*V258A*L259I has a conductance of 100-2 + 07 pS (n = 3), which is slightly lower than the c-AChR. Point mutations in the M3 segment reversing differences between the subunits are summarized in Fig. 6B . No effect is observed after mutating the amino acids of the putative intracellular bend bordering the M3 segment. A similar negative result was obtained for most amino acid exchanges in the M3 segment itself or with e-chimaera e(y)-5 where the complete M3 sequence is swapped. An exception is position yI317 which generates a channel with a higher conductance in yI317T and the double mutant yT316A*I317T, and thus may be responsible for the slightly increased conductance mediated by the y(e)-5 construct.
DISCUSSION
Genomic organization and functional domains of y-and e-subunits Analysis of the genomic nucleotide sequence of the y-and c-AChR subunit genes reveals that each subunit is encoded by twelve exons. Both subunits are built in a modular form with each of the four hydrophobic segments M1-M4, which presumably span the membrane, encoded by a separate exon. The exchange of the four hydrophobic segments in the y(e)-1 and e(y)-1 chimaeric subunits was sufficient to completely reverse the conductance properties of the respective parental y-or e-AChR channel. This effect on conductance was, however, not fully symmetrical because replacement of all four M segments was necessary to obtain the higher conductance channel, whereas the low conductance channel could be produced by exchange of only Ml and M2 together with either the M3 or the M4 segment. Thus, the segments encoded by exons E7 and E8 are the major determinants of the difference in conductance between the fetal and adult muscle AChR channel. Charged amino acids of M2 and channel conductance Comparable with previous reports on recombinant AChR of Torpedo californica electroplax (Imoto et at. 1988 ), on hybrid recombinant AChR channels constructed from mouse muscle and Torpedo subunits (Yu, Leonard, Davidson & Lester, 1991) and fetal and adult mouse chimaeric AChR (Bouzat, Bren & Sine, 1994) , the number of net negative charges in the cytoplasmic and extracellular channel entrances (at the equivalent K/Q positions of M2) confers differences in channel conductance. In the rat S. Herlitze anid others muscle AChR, channel the y-subunit contains positively charged lysines (K) whlich in the c-subunit are replaced by neutral glutainines (Q). The removal of the positive charges in the mutant yK268Q*K293Q increases channel conductance whereas including positive charges in the mutant cQ267K* Q292K decreases channel conductance. The positive charge of lysine could decrease the surface potential at both clhannel entrances and repel cations.
Alternatively, charged amino acids in the cytoplasmic and extracellular entrances may either keep neighbouring subunits separated, and increase the pore size of the channel, or a combination of positive and negative charges may cause subunits to attract each other and decrease the pore size.
Neutral amino acids of M2 and channel conductance The a-helical, membrane-spanning structure of the M2 segment was initiallv deduced from the hydrophobicity analysis of the subunit amino acid sequence (for review see Numa, 1989) . Mutagenesis experiments (Imoto et at. 1988; Charnet et at. 1990; Villarroel et at. 1991a,b) and photolabelling with non-competitive inhibitors (Hucho, Oberthiir & Lottspeich, 1986; Revah, Galzi, Giraudat, Haumnont, Lederer & Changeux, 1990; Pedersen, Sharp, Liu & Cohen, 1992; White & Cohen, 1992) have identified amino acids within, and bordering, the M2 segment which supposedly line the channel lumen. Interestingly, all these amino acids, when replaced by cysteine, were accessible to a positively charged, hydrophilic sulfhydryl-specific reagent (Akabas, Kaufmann, Archdeacon & Karlin, 1994 ). These exposed amino acids align in the y-AChR subunit writh Q272 at the intracellular end, T275, N279, L282, A283, V286, F289 within, and K293 at the extracellular end of M2, assuming a symmetrical structural arrangement of the five subunits (Unwin, 1995) . The residues at equivalent positions in the M2 segment, yV291 and cI290, as well as yT278 and e1277, which probably do not face the lumen of the channel (Akabas et al. 1994 ), contribute to the difference in conductance between the y-and c-AChRs. This unexpected dependence of channel conductance on the volume of the side-chain, where increasing the side-chain of a lumen-exposed residue should reduce conductance and vice versa, suggests that c1277 is located in a region where the c-subunit is in contact with its neighbouring subunit. The larger side-chain of c1277 may prevent a tight packing of subunits when the clhannel is open. The smaller side-chain of yT278, on the other hand, may enable more compact packing, leaving less space for ion movement.
Implications for AChR channel structure The difference in ion conductance of the fetal and adult AChR is determined to almost 70% by the M2 region, flanked by the intra-and extracellularly located K/Q position amino acids. This result is consistent with a form the narrow portion of the open ion channel (Unwin, 1995) . The amino acids at the K/Q position, located at the carboxy-terminal end of M2, may contribute to the formation of the 'extracellular funnel' of the channel leading to the narrower constriction lined by amino acids which are arranged on an a-helical structure. Complete conversion between y-AChR and c-AChR, however, requires the exchange of additional, presumably membrane-spanning, domains indicating that the position of amino acids lining the pore depends on interactions between M2 and the other hydrophobic segments. Since only the sequences contained in Ml, M3, and M4 contribute to conductance differences, this supports the view that these segments are located within the membrane. The Ml, AM3, and M4 sequences, having either fl-sheet structure (Unwin, 1995) , or partial a-helical structure (Blanton & Cohen, 1994; G6rne-Tschelnokow, Strecker, Kaduk, Naumann & Hucho, 1994) , may form a scaffold around the central pore, and could interact with the a-helical M2 rods.
The extracellular amino-terminal ends of the y-and c-subunits have little effect on conductance and are apparently not involved in the conformational changes which the receptor undergoes after agonist binding. However, M3 and M4 with the putative intracellular connecting bend, contain elements that influence gating properties (Bouzat et al. 1994 ).
Conclusions
The results indicate that the difference in conductance between the fetal and adult rat muscle AChR is determined by structural differences in all four amino acid segments, Ml1-M4, of the y-and e-subunits. The fact that each of the M1-M4 segments is encoded by a separate exon supports the view that the y-and c-subunit genes were generated during evolution by gene duplication from a coinmon precursor subunit gene, possibly the 8-subunit gene which has the highest homology to both. The contribution of different M segments to the differences in channel conductance indicates that the major determinant is the M2 segment, encoded by exon E8. The dependence of other differences in channel properties on this segment, such as the fractional Ca2P current as well as the gating kinetics of the channel, remains to be elucidated. 
